Full three-dimensional finite volume method (FVM) simulation was carried out for two types of Mg alloys. The load-stroke curve, effective strain, effective stress, and strain rate were obtained during the virtual superplastic forging process. The above results for fine-grained Mg alloy showed localized flow behavior because of the change in dominant deformation mechanism at a high strain rate above ca. 0.8 s À1 . However, RS P/M Mg-Zn-Y alloy showed relatively uniform metal flow at the same strain rate.
Introduction
Magnesium alloys with superplasticity have been investigated since the 1990s. [1] [2] [3] [4] [5] [6] [7] [8] Magnesium alloys have attracted researchers' attention because of their light weight, engendering energy and resource conservation, which are beneficial to the environment. Moreover, Mg alloys are practical as a structural material with superior properties such as high specific strength, good damping properties, high thermal conductivity, excellent recycling ability, good machining ability, and good electromagnetic shielding characteristics. Therefore, various structural applications of Mg alloys are anticipated widely for transportation or spacecraft as environmentally friendly materials. Recently, it has been proposed that next-generation aircraft parts be made of highstrength Mg alloys. 8, 9) This rapidly-solidified powder-metallurgy (RS P/M) Mg-Zn-Y alloy has high creep-resistance, high strength (up to ca. 600 MPa) at room temperature, and superplasticity at 623 K.
On the other hand, the Mg matrix has a hexagonal closed packed structure that has intrinsically limited slip systems. The low number of slip systems renders materials as difficult to deform. Superplasticity has been studied and accepted widely to upgrade Mg alloys' workability. It is well known that superplasticity occurs in any characterized range of temperature, strain rate, stress, and grain size. 10) As shown in typical superplastic materials, 10) superplasticity in Mg alloys is associated with the above parameters and is characterized by simplified constituent equations. 1, 2) Recently, Mg alloys' deformation mechanisms, including superplastic deformation, have been investigated thoroughly. 6, 7) Superplastic deformation in Mg alloys occurs when the dominant deformation mechanism is grain boundary sliding (GBS). However, when the stress or strain rate increases to a critical point, the deformation mechanism changes to slip-dominant or dislocation-climbing dominant. 1, 2, 11, 12) Chung reported that different metal flow occurs when different deformation mechanisms are at work in biaxial deformation.
11) The understanding of the boundary between superplasticity and other creep mechanisms might be important when one performs superplastic forming.
To the present, some trials have analyzed metal-forming processes with computer-aided simulations. Finite element method (FEM) coding, which can calculate nodal distortion of respective elements, has been applied in laboratories and industry since the 1980s. Recently, finite volume method (FVM) has demonstrated its feasibility to simulate a gross material flow and minimize the remeshing problem, which is commonly considered as the main bottleneck in threedimensional (3D) large deformation simulations based on FEM methods. 13) Chung et al. reported FVM's applicability in two-pass equal-channel angular extrusion process (Route B) and localized flow behavior. [14] [15] [16] This technique enabled visualization of the changes of mechanical or thermal properties during plastic deformation. In the present study, the effect of the deformation mechanism on the metal working process of near-net-shape forging was visualized by virtual FVM simulation.
Modeling
Material flow behavior for typical superplastic Mg alloys was prepared from experimental data. The materials were chosen from among former reports of typical superplastic finegrained Mg alloy (SP Mg alloy) by Mukai et al. 5) and RS P/M Mg-Zn-Y alloy by Kawamura et al. 8) Typical fine-grained (d ¼ 5 mm, at 623 K) Mg alloy's deformation mechanism is changed when the strain rate increases from D GB (diffusion coecient for grain boundary diffusion) controlled GBS to a power-law breakdown (PLB) or D P (diffusion coeffcient for pipe diffusion) controlled slip.
2) We designed the material's flow data for SP Mg alloy by analytical calculation on the constitutive equations of D GB controlled GBS or D P controlled slip for fine-grain of 5 mm at 623 K.
On the other hand, Kawamura et al. reported a nano-grain RS P/M Mg-Zn-Y alloy (d % 0:2 mm) that showed very high room-temperature strength and superplasticity at strain rates ranging from 0.02-0.8 s À1 at 623 K. 8) We referred these high temperature data directly and designed the material's data for virtual RS/PM Mg-Zn-Y alloy. It is noteworthy that the flow behavior in this work has only a superplastic region. If the strain rate is higher than 0.8 s À1 , an extrapolation is performed arbitrarily in MSC.SuperForge 2002 (MSC.Software Corp.).
In this work, we designed high forming speed (aimed strain rate ranges 0.02-0.8 s À1 ) at high temperature where superplasticity occurred. Those flow stress and strain relationships in the strain rate range 0.02-0.8 s À1 were converted, as shown in Fig. 1 , to be calculated in FVM simulation. Materials constants and working conditions used in virtual forging simulation are listed in Table 1 . The material of a work piece under analysis moves through the finite volume mesh. The mass, momentum, and energy of the material are transported simultaneously from element to element. The finite volume solver calculates the motion of the material through elements of constant volume. 13) In this work, high-strain plastic deformation is expected. Therefore, most simulation results of deformation will be resulted from the plastic metal flow behavior as shown in Fig. 1 .
Full 3D FVM modeling was designed to obtain effective strain, effective stress, strain rate distribution and load-stroke relations during 3D FVM simulation of the forging process. In this modeling, we designed necks A and B, where large deformation is expected as shown in Figs. 2(a) and (b) . The dimensions of the expected product are shown in Figs. 3(a) and (b). The intended shape is a kind of forged part. The dimension of initial workpiece is rod shape having radius 15 mm and height 35 mm. In this work, virtual forging processes were calculated using the commercial FVM code of MSC.Superforge 2002.
Results and Discussion
In Fig. 4 , the load-stroke curve showed two peaks where large deformation occurred. The RS P/M Mg-Zn-Y alloy has a higher loading level than SP Mg alloy, as demonstrated by experimental results. The load-stroke curve in Fig. 4 also indicates that higher ram pressure is needed for RS P/M MgZn-Y alloy because of considerably increased restriction on plastic deformation. From Fig. 4 , the loading history during forging can be expected. Two peaks exist: the first peak (stroke % 1 mm) means first restriction on the die guard, the second peak (stroke % 16 mm) means that convex-type forming occurred near the bottom of the die.
The effective strain distributions showed slight differences in the area of necks. In Figs. 5(a)-(d) , relatively uniform strain distribution during deformation is detected for the RS P/M Mg-Zn-Y alloy. However, SP Mg alloy showed higher effective strain distribution at the local deformation on necks [Figs. 5(e)-(h)]. Two materials showed different effective strain distributions even though they had the same modeling conditions of geometry and ram speed. Therefore, the difference might result from material properties. In Figs. 6(a)-(h), the effective stress distributions are shown at each 25% process. Relatively uniform maximum stresses were detected (ca. 141 MPa for RS P/M Mg-Zn-Y alloy and ca. 240 MPa for SP Mg alloy) during deformation. Those locally high-stress regions are considered to be high strain rate areas for which the highest material data are applicable. Usually, very fine-grained Mg alloys (d 10 mm) will deform by dominant deformation mechanism of D GB controlled GBS. 1, 2) However, as mentioned in modeling, a dominant deformation of typical superplastic fine-grained Mg alloy will be changed from D GB GBS to PLB when very high stress is used. It is noteworthy that the relationship of flow stress vs. the deformation mechanism is portrayed clearly in this simulation in Figs. 6(a)-(h) .
In Figs. 7(a)-(h) , the effective strain rate distributions are presented at sectioned steps of 25% of the process. The effective strain rate distribution of each material showed that higher strain rates (3.2-3.7) were detected in SP Mg alloy in the area close to neck A than RS P/M Mg-Y alloy (1:7 AE 0:15). After deformation after neck B, the strain rate increased respectively to 4.86 and 3.24 for SP Mg alloy and RS P/M Mg-Zn-Y alloy. This high strain rate induced higher stress into SP Mg alloy during deformation. Maximum and minimum values of effective strain, effective stress, and the strain rate are listed in Table 2 . High temperature plastic deformations (flow stress, grain size and followed dominant deformation mechanism) of the Those deformation mechanisms were considered as thermomechanical process, and characterized by diffusion coefficient such as lattice diffusion (D L ), grain boundary diffusion (D GB ), pipe diffusion (D P ), and solute diffusion (D S ). This map indicates that a material under the conditions of temperature and grain size will follow any deformation mechanism by stress (or strain rate). The points means calculated stresses equivalent to strain rates 0.02, 0.1 and 0.8 s À1 , respectively. The dominant deformation mechanism of the fine-grained SP Mg alloy (grain size $ 5 mm) changes from D GB GBS to PLB; on the other hand, RS P/M Mg-Zn-Y alloy (grain size $ 0.2 mm) conserves D GB GBS at higher strain rates (high flow stress). Figure 8 indicates that finegrained SP Mg alloy has higher local effective stress close to the neck than RS P/M Mg-Zn-Y alloy, regardless of its lower uniaxial stress. Therefore, very careful design (of both the die and working conditions) is necessary when using superplastic Mg alloy because high stress during the forming process can be an origin of highly concentrated residual stress and accompanying cracking of material or wearing of the die.
Summary
(1) From FVM simulation for virtual forging, the RS P/M Mg-Zn-Y alloy shows higher restrictions in loadstroke curve. Peaks are predicted at the stroke when the material is passed by necks where high strain-rate deformation is expected. (2) However, highly localized deformation behaviors were detected in results of effective strain, effective stress, and strain rate at the area close to the necks. This difference might result from the change of dominant deformation mechanism. 2) and two types of material data used in this FVM simulation. Each point indicates the analytically calculated flow stress at each strain rate ranging 0.02-0.8 s À1 .
